A new generation of electron microscopes that correct for spherical aberration may be able to chart the positions of individual atoms as they diffuse through a crystal.
(FEG). These very bright, very small, and highly coherent sources have their own history of development and come in a few varieties, but it was the combined attention to improvements in the other components of a transmission electron microscope (TEM) that has gradually allowed their capabilities to be fully exploited. Isolation of the sample and microscope from any sources of mechanical vibration, electrical noise, and stray magnetic fields has always been important but the sensitivity of these new instruments now requires the careful design of the entire building that houses the microscope as well as all facilities and systems attached to the microscope.
The authors' choice of an acceleration voltage of 300 kV is a compromise between sample damage from electron-nuclear collisions (beginning at about 350 keV in the case of Ge) and resolution. Higher electron energies, and thus smaller wavelengths, give higher resolution based on diffraction and the Raleigh criteria familiar in optics. For a given wavelength, a wider electron beam area or shorter focal length would also normally improve resolution. Instead, electromagnetic lenses in any TEM, even under the best manufacturing conditions, suffer from spherical aberration or the inability to focus electrons to the same spot for all incident angles. It is the spherical aberration coefficient of the objective lens (a third-order coefficient usually given the symbol C s ) that has limited resolution, at least up until a few years ago. Thus in conventional TEMs, image quality improves for smaller beam diameters with an aperture inserted before the sample to reduce the solid angle subtended by the beam.
The new microscopes have spherical aberration correctors. That means that there is a system of extra fields that reduces C s to negligible values. The development of these corrector systems are to a point where reducing the fifth-order spherical aberration coefficient is now a measure of progress [6] . At 300 kV the electron wavelength is 0.0019 nm and hence a resolution limited by diffraction might be about 0.001 nm. The measured resolution demonstrated for this microscope is only 0.05 nm so there is still potentially 50 times better resolution theoretically feasible, but other issues also limit resolution.
Note that the samples in this work were exquisitely thin, 1-2 nm, only five {110} atomic planes in thickness. Besides electrical, mechanical, or magnetic noise, the energy width ∆E of the beam will limit resolution due to chromatic aberration (i.e., errors in focusing electrons of different wavelengths). The monochromator reduced ∆E to 0.2 eV, but as the beam passes through the sample it loses energy to various processes and ∆E increases again. Thin samples are thus necessary to reduce this effect.
Thin samples are also important when analyzing the images obtained. In this experiment the researchers aimed a fixed electron beam at the crystalline sample. The beam diameter might have been 100 nm or less. This produced an image consisting of a set of interference fringes related to the lattice period, and with the aberration corrector the fringes are sharper. Like a multiple slit experiment, the lateral atomic positions are not reliably correlated with the fringe positions. For some focus conditions the spots are black while in others they are white. This contrast reversal is a common phenomena-an indication that the atom positions are not directly known. In order to reconstruct the structure of the sample, the standard solution for some time has been to take a set of images through the focus and to simulate each image with the known set of sample and microscope parameters [7] . The sample structure is reconstructed with all images contributing. This was carried out in this experiment and works well for the lattice atoms. However, the interstitial atoms are not static, nor periodic.
Others have imaged static interstitials in certain systems using aberration-corrected scanning TEM (STEM), whereby the small focal spot of the FEG source is scanned laterally across the sample. The same aberration-corrected subangstrom probe can be aimed in between rows of atoms of a suitably aligned single crystal, thus probing the mass density as a function of lateral position. The interaction of the beam with the sample becomes relatively simple and straightforward to interpret. Essentially like Rutherford backscattering analysis of ion scattering, the probability of electron scattering increases as the atomic number squared. Combining through-focus image analysis in a STEM, the location of point defects have been determined. In this way, researchers have been able to image individual substitutional Sb atoms inside Si [8] , Hf atoms inside an amorphous SiO 2 layer [9] , Au interstitials inside a Si nanowire [10] , and Ca vacancies within Ca 0.33 CoO 2 [11] . These investigations all relied on the impurity atoms or vacancies remaining static during the image collection. The same set of through-focus images could be collected more than once from the same area, increasing our confidence in their conclusions. But the large mass difference between the impurity or vacancy and matrix was critical to the contrast. This approach may not yet have the sensitivity to detect these Ge interstitials.
In this work, Ge interstitial defects apparently formed via electron irradiation due to their proximity to the surface. The images obtained relied on an interstitial atom remaining relatively still for a large fraction of a second. Unfortunately, the same interstitial could not be imaged more than once, since they moved faster than the image collection rate. It is true that there is a remarkably low level of noise between their spots and if we are going to image diffusing atoms they will need to be random and moving. However, to be convinced that we are really seeing interstitials, we need a faster acquisition time or a more static point defect and then need to follow the subsequent movements of these objects individually.
The work reported in the paper by Alloyeau et al. is a remarkable demonstration of the capabilities of the latest TEMs. They are very close to having a convincing case that they have imaged diffusing point defects. Soon, no doubt, the right combination of defect stability and beam or thermally induced diffusion control will finally let us see atomic diffusion.
